Introduction
With the restructuring in electrical systems, Electrical systems are changing from today's centralized bulk systems, which centralized generators supply a large portion of demand, to small generators connected directly to distribution network or on the demand side. This type of generating units is known as distributed generation (DG) or dispersed generation. The penetration level of DGs in distribution networks is increasing, this trend is mainly due to electricity market liberalization, development in DG technologies, constrains on the construction of new transmission lines and environmental concerns [1] . In addition to aforementioned factors, proper allocation of DG units has some benefits such as voltage profile improvement, loss reduction and deferring or eliminating network reinforcement [2] . Distribution network operators (DNOs) has two alternatives to supply their consumers, first by purchasing power from grid and the second one is using DG in their territory, or a proper combination of them. DNOs may prefer to use DG units in their territory to supply their consumers. On the other hand they might be forced to use green energies or less pollutant technologies. Therefore there must be a trade-off between the costs associated with utilization of DG units and technical and economic concerns [1] .
Numbers of issues are concerned in DG planning in the literature, such as voltage stability improvement [3] , active loss reduction [4] , reactive loss reduction [5] , risk aversion in load procurement [6] , and maximizing DG capacity [7] . These studies consider various technical constrains. It is shown in [8] that short-circuit level can play an inhibiting role in DG planning. The study in [9] highlights that voltage rise and line loading capacity are two limiting factor for integration of DG units in distribution network. Some methods have been adopted to solve such an optimization problem. In [10] a tabu search (TS)-based method was proposed to find the optimal solution, but the TS is known to be time consuming in addition to its ability to be trapped in a local minimum. In [11] , a genetic algorithm (GA)-based technique together with optimal power flow (OPF) was used to determine the optimum size and location of DG units, but GA is a time consuming algorithm. In [12] , a particle swarm optimization (PSO) technique was introduced to solve the problem. PSO is capable of finding global or near global solution besides it needs short calculation time. Objective functions are modelled single or multi-objective. The singleobjective models are either originally single-objective [13] , or multi-objective which are converted to a single-objective (additive utility function [5] ); multiobjective models of this category are solved using Pareto optimality concept [14, 15] .
In this paper, multi-objective DG planning problem in a deregulated environment is solved using PSO algorithm. Optimal sitting and sizing of DG units are determined when voltage dissatisfaction, costs and environmental emissions of the proposed plans are optimized. The dynamic planning is not concerned in this work, but the best plan will be chosen which best satisfies the constraint and minimizes the objective functions during the planning period. PSO is used for finding Pareto optimal front and then a fuzzy method is used to select the optimal solution.
The rest of this paper is organized as follows: Section 2 presents problem formulation. Section 3 sets out the principle of optimization. Simulation results are presented in section 4 and finally section 5 concludes the work.
Problem Formulation
The multi-objective DG planning problem with details of input variables modelling, constraints and objective functions are formulated in this section. The decision variables are the numbers of DG units to be installed in bus i at the beginning of the planning period.
2.1
Input Variable Modelling The electricity price and electrical load are both uncertain in the deregulated environment. However, these parameters are specifically tied together. Any increase/decrease in electrical load will cause to increase/decrease in electricity price [16] . In order to model this criterion, the price and load duration curves are divided into levels in each year. The duration of each level is expressed by . The electricity price and electrical load are modelled as follows.
Electricity Price:
The purchased electricity price from grid is an uncertain parameter in a deregulated environment and it is competitively determined by the behaviour of electricity market participants in electricity market. Assuming a peak electricity price of , the electricity price in demand level dl can be calculated as [17] :
(1)
Electrical Load:
In real electrical network, electrical load has a growth rate and it is not constant, in order to model load growth, a demand growth rate of and as percent of peak electricity are assumed for each year. The demand in bus i, year y and demand level dl can be calculated as: (2) 2.2 Constraints Constraints with detail are presented as follows:
Power Flow Constraints:
Power flow equations that should be satisfied in year y and demand level dl are:
Where, and are the active and reactive power injected by DG in year y and demand level dl, and are active and reactive power demand in year y and demand level dl, respectively.
Short Circuit-level Constraint:
In radial networks, the short-circuit calculation for radial networks needs to be checked at the MV (or LV) busbar of substation [8] . In this work, Three phase short-circuit at the low voltage side of substation is considered as it can provide the worst situation [8] . The magnitude of expected shortcircuit current at the low-voltage side of the distribution network is limited by the design short-circuit capacity [7] . (4) 
Fuzzy Technical Satisfaction:
The satisfaction of soft constraints can be modeled by fuzzy sets. The idea of fuzzifying the technical constraints was used by [18] . In the present work, fuzzy modeling [17] is used to determine the satisfaction of technical constraints of voltage of the feeders. When the voltage magnitude of a bus is in the safe operation interval, then there is no violation. However, the planner may tolerate some voltage violation to improve other objective functions. The membership function of the voltage constraint satisfaction is expressed by a trapezoidal fuzzy number [15] . The safe operating interval is defined as [ ] in which the satisfactory value would be 1. As the voltage magnitude exceeds these limits, the value of satisfaction decreases until it becomes zero beyond the critical voltage values, that is, . The upper and lower critical values of voltage in bus i, are defined as follows. (5) Where, is the limit of permissible voltage constraint dissatisfaction in bus i.
This constraint can be mathematically represented as
The minimum value of voltage constraint dissatisfaction, i.e. over all buses of the network can give information about the overall voltage condition in year y and demand level dl, as follows. (7) The values obtained from (7) show the condition of voltage constraint dissatisfaction for overall network, in demand level dl and year y. Since there is more than one demand level in a real system, there will be different satisfaction of voltage levels for a given network. The weighted average of satisfaction of voltage over the demand level is proposed as follows. (8) In (8), the voltage constraint dissatisfaction value maintains in an acceptable range in whole year y if the duration of voltage violation in demand level dl is short.
2.3
Objective functions Three objective functions [17] , namely, voltage dissatisfaction, total costs and total emissions are minimized subject to constraints from (1) to (8) in the multi-objective DG planning as follows. (9) 1. Voltage dissatisfaction: The first objective function, i.e., to be minimized is dissatisfaction of voltage constraints. Voltage dissatisfaction, denoted by , is defined as the maximum dissatisfaction of voltage constraints as follows. (10) The first objective function to be minimized is proposed here as the summation of maximum and average value of yearly voltage dissatisfaction over planning horizon as follows. (11) In (11) the values of and are the weighting factor representing the importance of severity of voltage dissatisfaction and average dissatisfaction of voltage constraints, respectively. 2. Total costs: The second objective function is total costs, that is, . It includes the cost of electricity purchased from the grid and the investment and operating costs of the DG units. The cost of energy procurement from the grid is calculated as follows.
Where, is active power purchased from grid in year y, demand level dl and d is discount rate.
Investment costs of the DG units can be calculated as:
Where, is investment cost of a DG unit. The operating costs of the DG units can be calculated as:
Where, and are operating cost of a DG unit and active power injected by a DG, respectively.
Thus, is defined as:
3. Total emission: The third objective function that is, , is the total produced by the DG units and the main grid. Thus is represented as (15) Where and are emission factor of the grid and DG, respectively.
Multi-objective Solution methodology
In this section PSO and an algorithm to solve multiobjective problem is described.
PSO
In this paper, a PSO technique is used to find the best solution of the multi-objective DG planning. PSO is an optimization evolutionary population-based technique [19] . The method is developed through a simulation of simplified social behaviours. PSO algorithm tries to optimize the fitness value of each agent . Each agent knows its best value so far and its position . Moreover, each agent knows the best position in the group . The modification can be represented by the concept of velocity. Thus, the velocity of each agent can be modified by the following equation. 
3.2
Multi-objective Strategy In the context of multi-objective problem there is more than one objective function and there is no single optimal solution that simultaneously optimizes all the objective functions. In these cases the decision makers are looking for the "most preferred" solutions [20] . In the multi-objective optimization problem, the concept of optimality is replaced with that of efficiency or Pareto optimality front. The non-dominated solution is the solution that cannot be improved in one objective function without getting worse its performance in at least one of the rest. In this paper, a fuzzy approach [20] is used to solve multi-objective DG planning problem. For this purpose, the objective functions should be modelled by membership functions as follows (18) In general, in a multi-objective optimization there is more than one objective function. One solution often cannot be said to be better than others according to their fitness. Evolutionary based algorithms generate set of non-dominated population and search in an objective space to find the optimum solution. In multi-objective problems, there is a set of non-dominated solutions which will be saved in repository in each iteration. The solution dominates if the following conditions are satisfied: (19) To select the final solution after analyzing the Pareto optimal front, planners would like select the best solution based on their experience and professional point of view. A conservative decision maker tries to minimize the maximum dissatisfaction [15] . The final solution can then be found based on max-min approach as follows ) (20) 
Solution Algorithm
This section presents the application of PSO to solve the proposed problem. In order to find Pareto optimal front, each particle is a vector containing information about the investment decision of DG units, the location of DG units and the generated power for all existing states. The steps of the algorithm are as follows:
Step 1. Define input variables, generate initial random population and velocity zeros.
Step 2. Compute and normalize the objective functions. The objective functions are calculated by Eqs (1) to (15) . Then, use the fuzzy approach (18) to calculate , and corresponding to , and .
Step 3. Calculate the fitness function (20) for each individual particle.
Step 4. Calculate and based on fitness function.
Step 5. Calculate (17) and update particle's position (16).
Step 6. If the predetermined iteration is reached, go to step 7, else return to step 2.
Step 7. End. The flowchart of the proposed model for solving the multi-objective problem is shown in Fig. 1 . 
Simulation Results
The proposed methodology is tested on a 33 bus 12.66 kV distribution system which is shown in Fig. 2 . Total load of this system is 3.71 MW and 2.3 MVar. The technical data of the network are given in [21] . The network is connected to the grid through transformers. The design short-circuit capacity for 12.66 kV network is assumed to be 200 MVA. The short-circuit calculation is calculated based on IEC standard [22] [23] [24] [25] , the voltage factor used to consider the variation of the system voltage is assumed to be 1.1.
In this work, only gas turbine generator with size of 1 MVA is considered, however, other DG technologies can be employed in the proposed methodology. Power factor of DG is fixed at 0.9 leading, but the magnitude of output power is controllable. The proposed solution algorithm was implemented in DIgSILENT power factory which is a powerful tool for power systems simulation and programming. The forecasted values of demand and price level factors are given in TABLE 1 [26] . Other simulation assumptions and characteristics of gas turbine generator are presented in TABLE 2 [16] , respectively. The number of demand levels is assumed to be 24. The duration of each demand level is 365 h. The values of and in (18) are assumed to be 0.8 and 0.2 respectively. The short-circuit level contribution of the upstream grid is 166.16 MVA, whereas the gas turbine generator provides 6.67 MVA. The DG planning problem was solved and 71 non-dominated solutions are found. Pareto optimal front of the proposed problem is shown in Fig. 2 . The variation range of all objective functions is shown in TABLE 3. The final solution of DG investments is that one DG to be installed at bus 33 and one to be installed at bus 15. It should be noted that the injected power at constant power factor can be varied in demand levels and it is not constant. The effect of DG planning on voltage profile and line loading of the system is shown in Figs 3-4 , respectively. Voltage profile of maximum and minimum demand level at the last year of planning period is shown in Fig. 3 . As shown in Fig. 3 . the voltage at many buses are lower than 0.95 pu in maximum and minimum demand level without DG integration, while significant improvement in voltage profile is achieved by proper DG planning and the voltage at all buses is within the safe limit. Fig. 4 shows line loading of the network in maximum and minimum demand level at last year of planning. Although line loading of some lines are remained the same or increased after DG planning, most of lines loading is decreased. It can be concluded that proper DG planning can defer or eliminate network investment. Thus further research can be done to evaluate the impact of DG on network investment deferral along with other benefits that DGs could have for distribution network.
Conclusion
This paper presents a multi-objective model for DG planning problem. Three objective functions, namely, Voltage dissatisfaction, cost and emission are considered in this work. Short-circuit level of is also considered as a constraint which should not be exceeded by integration of DG units. The multi-objective problem is solved by PSO algorithm. The non-dominated solutions in optimal Pareto front are found and fuzzy satisfying method is applied to select the final solution of the planner. without DG -maximum demand with DG -maximum demand without DG -minimum demand with DG -minimum demand
